Abstract. The activation of tunica albuginea myofibroblasts (MFs) serves an essential role in Peyronie's disease (PD). Increasing evidence has reported that adipose tissue-derived stem cells (ADSCs) have been demonstrated to attenuate the symptoms of PD in animal models. However, the mechanisms of the antifibrotic effects of ADSCs in PD remain to be fully elucidated. In the present study, the inhibitory effects and possible mechanism of ADSCs on the activation of MFs derived from rat penile tunica albuginea were investigated. ADSCs were obtained from the paratesticular fat of Sprague Dawley rats. MFs were transformed from rat penile tunica albuginea fibroblasts through stimulation with 5 ng/ml tumor growth factor-β1. Transwell cell cultures were adopted for co-culture of ADSCs and MFs. Western blot analysis was used to assess changes in the expression levels of α smooth muscle actin (αSMA), collagen I, phosphorylated (p)-SMAD family member 2 (Smad2), Smad2, ras homolog family member A (RhoA), Rho associated coiled-coil containing protein kinase (ROCK)1 and ROCK2, caspase3, caspase9, and matrix metalloproteinases (MMPs). Collagen gel assays were used to assess cell contractility. Additionally, the concentration of hydroxyproline in the culture medium was detected using commercially available kits. It was demonstrated that ADSCs reduced the expression of αSMA and collagen I of MFs. Furthermore, p-Smad2, RhoA, ROCK1 and ROCK2 expression was significantly reduced in the MFs+ADSCs group compared with that in the MFs-only culture, while the expression of MMPs (MMP2, MMP3, MMP9 and MMP13) and caspases (caspase3 and caspase9) was upregulated. In addition, ADSCs were able to downregulate the concentration of hydroxyproline in the culture medium of MFs and reverse the contraction of MFs. Collectively, these results suggested that ADSCs inhibited the activation of MFs, decreased collagen production, and suppressed the contraction of myofibroblasts, via Smad and RhoA/ROCK signaling pathways. Furthermore, ADSCs reduced the deposition of collagen and promoted the apoptosis of MFs via MMPs, and caspases. Accordingly, the application of ADSCs may provide a novel therapeutic strategy for PD.
Introduction
Peyronie's disease (PD) is a penile fibrotic disease characterized by the presence of tunical plaques which can clinically lead to penile pain, penile deformity including curvature, narrowing and hourglass, and potential erectile dysfunction (1) . In almost all fibrotic diseases, one of most important mechanisms is that fibroblasts transdifferentiate intoα-smooth muscle actin (αSMA)-positive myofibroblasts (2) . In Peyronie's disease, tunica albuginea myofibroblasts (MFs) were mainly derived from tunica albuginea fibroblasts (TAFs) induced by TGF-β (3). Previously, Vernet D found thatαSMA positive myofibroblasts content was considerably increased in the human Peyronie's disease and TGFβ1-induced rat plaques as compared to control tunica albuginea by Immunohistochemistry (4) . Furtherly when compared the gene expression profiling between the PD plaques and the nomal penile tunica abuginea, Magee TR that the mainly up-regulated genes were involved in the function of myofibroblasts, such as myofibroblast differentiation and collagen synthesis, while the down-regulated genes were that inhibit these processes, collagenase and matrix metalloproteinases (MMPs) (5, 6) . On the one hand myofibroblasts could secrete extracellular matrix (ECM) components (particularly collagen), and in the other hand, MFs had the function of automatic contraction (7, 8) . These processes could resulted in the PD plaques and the penile deformity.
MSCs were a kind of stem cells with the function of self-renewal and multi-directional differentiation. In mounting experimental or pre-clinical studies, researchers found that mesenchymal stem cells (MSCs) could prevent the development of tissue fibrosis (9, 10) . Previously studies proved that MSCs could slow the progression of fibrosis, and reverse functional remodeling in heart, liver, kidney, and lung tissues (11) (12) (13) (14) (15) . Adipose tissue-derived stem cells (ADSCs) belonged to the family of MSCs. Because of abundant adipose tissues and simplely obtained method, ADSCs were the mainly source of adult stem cells. Furthermore, compared with other stem cells, ADSCs had fewer ethical problems and lower immunogenicity (16) . Therefore, there were a lot of studies involved in the roles of ADSCs in attenuating fibrotic disease, such as liver cirrhosis, idiopathic pulmonary fibrosis and kidney fibrosis (17) (18) (19) . It will be highlighted that ADSCs were progressively used to recover the animal model of Peyronie's disease. The mechanisms of anti-fibrosis by ADSCs had not been completely elucidated (20, 21) , while the paracrine signaling is considered as one of the main underlying mechanisms of the therapeutic effects of MSCs (12) . Otherwise, the balance of activation vs. inactivation and proliferation vs. apoptosis of TAMFs played the important role in Peyronie's disease. Furthermore, MMPs participated in the regulation and clearance of ECM secreted by MFs, and automatic contraction of MFs was mainly involved by the RhoA/ROCK signaling pathway (22, 23) .
Therefore, we performed the following experiments by using the transwell coculture of ADSCs and tunica albuginea MFs. Firstly, we assess whether ADSCs regulated the secretion of collagen by MFs and the contraction of MFs. Additionally, we explored the proliferation vs. apoptosis of MFs when cocultured with ADSCs. Finally, we investigated MMPs and RhoA/ROCK signaling pathway of TAMFs when cocultured with ADSCs.
Materials and methods
Cell culture. We used 3 male Sprague-Dawley rats (from the Animal Feeding Center of Nanjing Medical University, Jiangsu, China) to isolate the ADSCs and tunica albuginea fibroblasts (TAFs) In independent experiments. Under 4% chloral hydrate anesthesia, penile tissue paratesticular fat and penile tunica albuginea were harvested to isolate the ADSCs and TAFs, then all rats were euthanized. All procedures were approved by the Institutional Animal Care and Use Committee of Nanjing University.
Monoculture. ADSCs. ADSCs were isolated from paratesticular fat of SD rats and cultured as described previously (24) . Rat paratesticular adipose tissues were minced and incubated with 0.1% collagenase I (Catalog No. 17100-017, Life Technologies, GIBCO) for 1 h at 37˚C. The digested tissues were filtered through a 75-µm mesh, then centrifuged at 200 x g for 5 min, and the cell precipitates were re-suspended in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS; both from Gibco, Carlsbad, CA, USA) and 1% antibiotics (100 mg/l streptomycin and 100 U/ml penicillin) at 37˚C in a humidified 95% air/5% CO 2 environment. Surface markers (such as CD90, CD34, CD45, CD44) were identified by flow cytometric analysis of passage 3 ADSCs as peformed in our previous study (25) . The passage 3-8 ADSCs were starved with serum-free medium with 5 ng/ml TGF-β1 for 24 h and used to the following experiments.
Preparate and monoculture MFs. Primary TAFs were isolated, cultured and identified as previously described (26) . Briefly, TAFs from Sprague-Dawley rats were cultured in DMEM, supplemented with 10% FBS (both from Gibco, Carlsbad, CA, USA) and 1% antibiotics (100 mg/l streptomycin and 100 U/ml penicillin) at 37˚C in a humidified 95% air/5% CO2 environment. The TAFs were then treated with TGF-β1 (10 ng/ml; Sigma) for 24 h. As described in our previous study, TAFs were transformated into myofibroblasts which had high expression of αSMA (3) . Then myofibroblasts were maintained with 5 ng/ml TGF-β1 for following experiments.
Transwell cocluture of MFs and ADSCs. The transwell coculture delivered a great environment that both types of cells shared culture medium but did not directly contact (27) . Cells were digested with trypsin, re-suspended in a serum-free DMEM medium with 5 ng/ml TGF-β1. ADSCs were plated into the matrigel coated Transwell chambers (Corning, NY, USA) and MFs were planted in 12-well plates. Then Chambers were inserted into 12-well plates filled with serum-free DMEM medium with 5 ng/ml TGF-β1. The system was incubated at the temperature of 37˚C for 24, 48 or 72 h of incubation (Fig. 1A ).
M ea s u re m en t of hyd rox yproli n e co n cen t ra t io n.
Hydroxyproline was used to estimate the secretion of total collagen in the medium according to the method described by Woessner (28) and the protocol included in the hydroxyproline kit (A030-1; Nanjing Jiancheng Bioengineering Institute, Jiangsu, China). Duplicate 300-µl aliquots of medium were taken from each sample and transferred to microtiter plates, and the absorbance of each was determined at 550 nm by spectrophotometry. The hydroxyproline concentrations of the sample pending to be tested were calculated using a linear standard curve and are presented as µg/ml medium.
Collagen gel contraction assay. All experimental operation according to the protocol (3), Collagen gels were prepared using 2 mg/ml of rat tail collagen I (Wobio, Nanjing, China) that was neutralized with 1 M NaOH and supplemented with DMEM. After cocultured with ADSCs for 24, 48 or 72 h, MFs were digested with trypsin, re-suspended and seeded at a density of 3x105 cells/ml in microtiter plates that were lubricated with FBS. Following lubrication, 0.5 ml of the final collagen gel was incubated at 37˚C in a humidified 95% air/5% CO2 environment for 24 h. Images were acquired using an Odyssey Scanning System (LI-COR Biosciences, Lincoln, NE, USA), and the surface areas were quantified using ImageJ software (NIH, Bethesda, MD, USA).
Western blot analysis. Cells were harvested at scheduled time and washed in phosphate-buffered saline (PBS) and then lysed in RIPA buffer (Sigma). Total protein concentrations were measured using Bicinchoninic acid (BCA) reagent (Beyotime Biotech, Jiangsu, China) were used to determine the protein concentration. Western blot was performed as previously described (29) . Briefly, Proteins were separated in 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and were then electrophoretically transferred onto polyvinylidene fluoride (PVDF) membranes at 200 mA for 60-120 min. The membranes were blocked 5% non-fat milk in TBST at 37˚C for 1 h. Then membranes were incubated at 4˚C overnight with the primary antibodies, [anti-αSMA (Rabbit, 1:1,000, Sigma), anti-Smad2 (Rabbit, 1:1,000, Sigma), anti-phosphorylated (p-)Smad2 (Rabbit, 1:1,000, Sigma), anti-RhoA (Mouset, 1:1,000, Sigma), anti-ROCK1 (Rabbit, 1:1,000, Sigma), anti-ROCK2 (Rabbit, 1:1,000, Sigma), anti-Col1 (Rabbit, 1:1,000; Abcam), MMP-2 (Rabbit, 1:1,000; CST), MMP-3 (Rabbit, 1:1,000; CST), MMP-9 (Rabbit, 1:1,000; CST), MMP-13 (Rabbit, 1:1,000; Abcam), anti-GAPDH (Mouse, 1:1,000, Sigma)]. After washing the membranes with TBST, the membranes were then incubated with the corresponding secondary antibody (horseradish peroxidase conjugated goat anti-rabbit/mouse IgG; 1:10,000, Wuhan Boster Biological Technology Ltd., Wuhan, China) at room temperature for 2 h. The immunoreactive traces of membranes were detected by chemiluminescence (ECL) Kit (Beyotime Biotech) and an Odyssey Scanning System (LI-COR Biosciences). Finally, ImageJ software was used to quantify the expression levels of the target proteins by calculating the ratio of the mean intensity of each target protein to GAPDH.
Statistical analysis. All data were obtained from at least 3 individual experiments and expressed as the mean values ± standard deviation (SD). Statistical analysis was performed by Student's t-tests using SPSS 16.0 software. A P-value <0.05 was considered to a statistically significant.
Results
ADSCs attenuated the expression of α-SMA in tunica albuginea MFs. Since the hallmarker of activated myofibroblasts is αSMA, western blots were performed to analyse the effects of ADSCs on the αSMA protein levels of tunical abluginea MFs. Compared to monocultured MFs in the presence of TGF-β1 (5 ng/ml), the αSMA protein level of MFs was reduced when transwell coculture with ADSCs in a time-dependent manner in the presence of TGF-β1 (5 ng/ml; Fig. 1B ).
ADSCs could reduces the levels of hydroxyproline in the culture mediam of MFs. Hydroxyproline was an general amino acid which was specificly expressed in collagen proteins. Therefore hydroxyproline was often used to measure secretion and deposition of collagen protein (28) . As shown in Fig. 1C, cocultured with ADSCs, the levels of hydroxyproline was suppressed in the culture medium of MFs (CM-MFs) when compared with monocultured MFs, although TGF-β1 (5 ng/ml) was existed in MFs with or without ADSCs (P<0.01). Otherwise, the attenuate effect of hydroxyproline in CM-MFs was also in a time-dependent manner (Fig. 1C) .
The collagen gel contraction inducing by MFs is suppressed when cocultured with ADSCs. Collagen gel contraction assay was carried out to analyze the inhibitory effects of ADSCs on the contractile process of MFs. The MFs mixed with 5 ng/ml TGF-β1 were applied to collagen gels and incubated with or without culture mediam of ADSCs (CM-ADSCs) for 24, 48 and 72 h. MFs could induce contraction of collagen gel as shown in control wells. Compared to control wells, CM-ADSCs significantly suppressed gel contraction in a time-dependent manner (P<0.01). Futhermore, CM-ADSCs could almost completely reversed this contraction at 72 h (Fig. 1D) .
ADSCs attenuated the activation of Smad signaling pathway in MFs.
The Smad signaling pathway is a classical TGF-β1 signaling pathway, which promotes transcription, translation, and synthesis of collagen. Smad2 is the key factor in the TGF-β1/Smad signaling pathway (30) . In this study, collagen I expression was inhibited in MFs co-cultured with ADSCs compared with in monocultured MFs at 48 h and 72 h (Fig. 2) . Furthermore, compared with monocultured MFs, p-Smad2, the activated state of Smad 2, were down regulated in MFs co-cultured with ADSCs, although TGF-β1 (5 ng/ml) was supplemented. Additionally, no significant differences in total Smad2 protein levels were observed between MFs co-cultured with ADSCs and monocultured MFs (Fig. 3) .
ADSCs could promote the expression of matrix metalloproteinases (MMPs) in MFs.
One of the functions of MMPs was to degradate collagen fibers. Therefore, MMP-2, -3, -9, and -13 were determined by western blot from monocultured MFs, monocultured ADSCs or co-cultures of MFs with ADSCs.
Compared with monocultured MFs or ADSCs, the expressions of MMP-2, -3, -9, and -13 were markedly increased in the presence of MFs coclutured with ADSCs (Fig. 4) .
Activation of the Rho/ROCK pathway by MFs was inhibited via cocultured with ADSCs.
The Rho/ROCK signaling pathway also play a major role in fibrotic disease by promoting cell contraction and migration (24) (25) (26) . To elucidate the molecular mechanisms of the MFs contraction, we thus performed an in vitro experiment in which the cells were pre-treated with TGF-β1 (5 ng/ml) for 24 h and then with or without ADSCs cocultured. Compared to the monocultured MFs, the expression of RhoA was significantly lower after 72 h in MFs cocultured with ADSCs, and the expression of ROCK1 or ROCK2, which were the receptor of RhoA, were slightly decreased when cocultured with ADSCs (Fig. 5) .
ADSCs could promote apoptosis of MFs by increasing expression or activation of caspase3 and caspase9.
Most members of caspase family play a important role in apoptosis and were often considered as the protein hallmarks of cell apoptosis. Caspases associated apoptosis are subcategorised as initiator caspases (eg. caspase9) and executioner caspases (eg. caspase 3). In the present study, we investigated whether ADSCs were able to regulate the expression of caspase3 and caspase9 in MFs. Compared to monocultured MFs, the expression of caspase3 and caspase9 of MFs were significantly elevated when cocultured with ADSCs. A similar differential effect of cleaved-caspase3 and cleaved-caspase9 were also seen in co-cultures of MFs with ADSCs or monocultured MFs (Fig. 6 ).
Discussion
As a kind of fibrotic dieases, the pathophysiologic process of Peyronie's disease (PD) was that the normal architecture of penile TA was damaged by repeated micro-truama and replaced by a large number of redundant ECM. ADSCs derived from rat paratesticular fat exhibited fibroblastic and spindle-shaped morphology, and expressed typical mesenchymal markers such as CD29, CD44, CD73, and CD90, and negtively expression of hematopoietic hullmarks CD45 and CD34 (25,31).
As we all known, collagen was the main component of ECM. In this study, we identified that ADSCs could exerted an antifibrotic function via reducing collagen secretion and promoting collagen degradation. Consistent with our results, Harn H et al found that ADSCs could reduce the expresion of α-smooth muscle actin (αSMA), which was the marker of hepatic stellate cells, a precursor of MFs. Further, ADSCs could inhibit the production of collagen fiber. Otherwise, ADSCs could degrade collagen fiber by increasing the expression of matrix metalloproteinase-9. Therefore, ADSCs could abrogate chemical-induced liver fibrosis (32) . Moreover, after ADSC or CM-ADSCs injected to scars, Zhang Q confirmed that the regular collagen architecture was recovered and that the expression of αSMA and collagen type Ι were also decreased by histomorphometric and real-time quantitative polymerase chain reaction analysis (33) .
Furthermore, Our results indicated that ADSCs had the ability of synthesis and secretion of MMPs, including MMP2, 3, 9, 13, whose major function was the degradation of collagen. In normal physiological process, the component of ECM was regulated by MMPs and its inhibitor, TIMP. In addition, we also found that ADSCs could elevate the expression of MMPs in myofibroblasts. Previously, Hattori et al presented that MMP-2, 3, 9, 13 were detected at higher levels in media from co-cultures with ADSCs and inflammatory cells when compared with monocultured inflammatory cells (34) . Moreover, Yu et al found that ADSCs could increase the expression of MMP2 and MMP9, while down-regulated the expression of TIMP-1, meanwhile decrease the αSMA expression was in pancreatic stellate cells (27) . A particularly important factor in the mechanism of matrix accumulation is the transforming growth factor-b (TGF-b), whose production is highly induced in many fibrotic diseases, including atherosclerosis and fibrosis of the kidney, liver and lung (35) (36) (37) . Overexpressed TGF-b is proposed to stimulate fibroblast proliferation, matrix production and granulation tissue formation by TGF-b/Smad signaling pathway (38) . In our study, ADSCs could reduced transnuclear expression of phospho-Smad2, which was the crucial step for initiation of TGF-b signal transduction. These results indicated that ADSCs could decrease synthetise of collagen via TGF-b/Smad signaling pathway.
RhoA is a small guanosine triphosphate (GTP) ase, belong to a member of the Ras homolog gene family. The mainly function of Rho GTPase was to regulate the actin cytoskeleton. Previous studies have suggested that RhoA and its downstream receptors, ROCK (including ROCK1 and ROCK2), were one of key signaling plathway in numerous fibrotic diseases (39) . Ca2+ sensitization and myosin light chain (MLC) phosphorylation were induced by the progress of Rho GTPase transform to Rho GDPase, which initiated the contraction of various cells (40) . In our previous study, we found that the contractility of MFs was involved in the activation of RhoA/ROCK pathway. By contrast, in current study, ADSCs could clearly attenuate the expression of RhoA, and its ROCK1 and ROCK2 in MFs. This discovery indicates that ADSCs had the ability to inhibit the contraction of MFs by modulating the RhoA/ROCK signaling pathway. Moreover, as reported in the literature, the relaxation of smooth muscle in the penis results from the inbibition of RhoA/ROCK pathway (41) .
Myofibroblasts was the most important cell in PD plaque and was derived from transformation of penile TAFs, which was the largest class of cells that make up the normal TA (42) . The persistence activation of myofibroblasts facilitated the progress of fibrosis, which led the penile structural remodeling. The expression of αSMA was the mark of activated myofibroblasts. Therefore, preventing myofibroblast activation is a potential therapeutic strategy to PD (43) . In this study, we employed western blot analysis and found that ADSCs inhibited tunica albuginea MFs activation, which was indicated by a time-dependent decrease in αSMA expression. Apoptosis induced by loss of adhesion or adhesion-mediated signalling (termed 'anoikis') is a main pathway of tunica albuginea MFs clearance (44) . Although the precise mechanism of myofibroblast apoptosis in the resolution of wound healing and tissue repair are not well defined, anoikis is likely a relevant model to study apoptotic mechanisms since cell adhesion and biomechanical tension unloading appear to play important roles in this physiological (45) . In this study, ADSCs could inhibit the expression of caspase3 (cleaved caspase3) and caspase9 (cleaved caspase9) which were the markers of cell apotosis. Previous study was undertaken to determine the regulatory mechanisms of TGF-β1 to induce anoikis-resistance in any cell type by PI3K-AKT pathway (46) . Otherwise, the apoptosis of myofibroblasts was induced by growing factor, such as HGF, whereas molecular mechanisms had yet to be fully understood (47) .
In summary, we had shown that ADSCs could inhibit the activation of tunical albuginea MFs, reduce the expression of collagen in MFs through TGF-β1-Smad signaling pathway, suppress the contraction of myofibroblasts by RhoA-ROCK signaling pathway. In the other hand, ADSCs could degrade collagen by paracrine or promoting MFs autocrine MMPs. Furthermore, ADSCs could induce apoptosis of MFs, though the detail molecular mechanism was confusing. These findings suggested that ADSCs attenuated the development of PD (Fig. 7) . The anti-fibrotic ability of ADSCs will be considered in future treatment approach of PD.
